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(57) Abstract 

A micfXKcope having a high effective numerical apeitiue is achieved in an apparatus in whidi a real, ttuee-dimensional image is 
famed of an object (E) placed in an aperture (20a) at the apex of one of two facing, axially-aligned concave minors (20. 10). The 
tfaree-diniensional image Is acquired by a video camera (SO) positioned in a cotmteipan apenure (lOa) at the apex of tbe ottier minor and 
the acquired image is piocessed by computer (101). The processing corrects die acquired image using a point spread function of die minor 
system which was previously obtained by positioning a point source of light throughout the object space and measuring die pixel values 
reconled by tiie camera's array of sensing elements while the camera was positioned at different axial distances in die image plane. 
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Reflecting Microscope Device 

RarVgmnnH of thft TnvCTtion 

In a conventional optical microscope, magnifying power is determined by 
multiplying the magnification of tfie ocular (eyepiece) by the magnification of the 

5 objective. For example, a low-power objective might have a magnification of 4x 
and a high-power <nl-immersion objective lOQx. If each is used with an ocular of 
IQx magnifying power, magnifications of 40x and l,00()x are obtained. The smallest 
object that can be seen in an optical microscope is limited by the wave character of 
light to a size of the order of one light wavelengtfi. The numerical aperture (NA) of 

10 a lens is given by r\ sin 0, where 0 is tiie half-angle of the cone of light a£cq>ted by 
the objective lens and t) is the refractive index of the medium betweoi the specimen 
and the lens. The resolution of a microscope is defined as the limiting distance at 
which two points can be separated and still be resolved as two separate points. Lord 
Rayleigh showed this distance to be 

= 1.22 ^ - " (1) 

15 where is the wavelength of light in air, NA^ an4 NA^ are the numerical 
apertures of the objective and condenser lenses, respectively. From the above 
equation it is obvious that it is necessary for the lens system to have a large 
numerical aperture if good resolution is desired. According to Abbe, the limit of 
detail resolution of a diffraction-limited microscope is reached when the numerical 

20 aperture of the objective lens is large enough to capture the first-order dif&action 
pattern produced by the detail at the wavelength employed. Under optimal 
conditions, using Koehler illumination and an oil-immersion lens, in which a drop of 
oil is placed on the specimen slide and the Ims is dipped into the drop, objects as 
small as 200 nm (0.2 x 10^ meters) can be resolved with a magnification of about 

25 1,000X, 
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Where, however, the amount of light that can be focused on the specimen is 
limited to tfiat which the specimen can withstand, such as during an ophthalmological 
examination of the cornea, it not possible to achieve nearly as good magnification or 
resolution. Using the technique of illuminating only a small portion of the specimra 

5 at a time, but with a high-intensity, narrow, light beam which is sequentially scanned 
across the field, conventional slit lamp microscopes are able to provide magnification 
in the range of 40-60x. The narrowness of the beam limits the number of photons 
reaching the specimen at any one time. Both the slit lamp microscope and the tandem 
scanning reflected light microscope rely on this successive illumination technique 

10 which requires that the object remain stationary during the ratire time that it is being 
sequentially illuminated. It would be desirable to obtain comparable magnification 
without, however, requiring the object to remain stationary for the entire image 
acquisition process, would not limit the illumination of the object and which could 
achieve a good magnification and resolution. 

15 Summary of the. Tnvention 

In accordance with the principles of my invention, in one illustrative 
embodiment th^^f, I provide a microscope which acquires a real, three-dimensional 
image of the specimen without requiring a high-intensity light beam to be physically 
scanned across the specimra object. The three-dimensional reflecting microscope of 

20 my invention has a high effective numerical aperture (NA) which is achieved by the 
use of two, large-diameter, facing concave mirrors sharing a common optical axis. 
Each of the mirrors has an aperture at its vertex, the point where the mirrored surface 
is cut by the optical axis. The specimen object is placed at the aperture of one of the 
mirrors and a video camera is placed at the aperture of the other mirror. The 

25 diameter of the mirrors is sufficiently large compared to the specimoi that 

substantially all of the light leaving the specimen is captured by the mirrors and 
focused upon the camera. The acquired image is electronically stored and processed 
by computer. Because the image is a three-dimensional image and because of the high 
effective numerical aperture of the system which provides for good resolution in 
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dq>th, the image acquired by moving the camera to different positions along the 
optical axis can simulate sectioning at different depths of the specimen object. In 
the illustrative embodiment, both mirrors are confocal and of the same diameter and, 
by themselves, provide only unity magniftcation. Magnification of the image is 

5 introduced by the spacing of the sensors of the video camera sensor array. Since the 
three-dimensional reflecting microscope receives a large cone of light from the object 
(i.e., has a high NA), the video camera requires a minimal amount of time to acquire 
the image. With exemplary CCD sensor spacing of 10 microns, resolution of about 
10 microns (10"^ meters) is achievable using commercial 8** diameter concave 

10 mirrors. The high numerical aperture of the reflecting microscope offers the 

advantages of being able to acquire an image more rapidly at a lower light level than 
is possible with a slit lamp microscope, which requires that the object be physic^ly 
scanned with a high intensity light. 

Further in accordance with the illustrative embodiment, the instrumrat is 
15 calibrated by measuring the light intensity at points throughout the 3-D image 

produced by a physically realized point source of light positioned in the object space. 
A fast Fourier transform of the Btiky of light int^sity values is taken and divided by 
the fast Fourier transform of the array of theoietical light ihtSrtsi^ v^ues'that ^should 
be produced by a similarly positioned true pinpoint sbiirce tb yield the point spread 
20 function of the mirror system Knowing the point kpreii^ function bf the mirror 
system, the image obtained from an actual specimen may be corrected for the 
presence of adjacent artifacts by multiplying the intmsity of each pixel of interest in 
the image by an appropriate correction factor, i.e., a superposition of the neighboring 
pixels weighted by their point spread function. 

25 

Because a pinhole in a substrate having a finite thickness will emit a light 
beam having a cone angle that might not be sufficient to illuminate the surface of the 
large mirrors, steps must be taken during the calibration process to provide an 
effective pinhole source that will illuminate as much of the mirrors' surface as 
30 possible. Accordingly, it is advantageous to employ a pinhole light source together 
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with a diffusing membrane at the pinhole's entrance to ensure that light from many 
different angles passes through the pinhole. Using a di^sing membrane at the 
aitrance of a 10 micron diameter hole in a 2.5 micron thick substrate in front of a 
coUimated light source produces an emerging light beam having a cone angle of 
6 approximately 90 degrees, thereby adequately covering the mirrors' surface. In this 
manner, when an actual specimen is positioned in the object apCTture, the point 
spread function obtained of the system will have sufficient data so that the acquired 
image of the specimen may adequately be corrected. 



As an altOTiative, the collimated light beam may be passed through a high 
10 numerical ap^ture microscope objective (such as a 40X lens having an NA « 0.65) 
positioned in the object space so as to produce an emerging light beam having a large 
enough cone angle, e.g., in excess of approximately 81 degrees, to cover most of the 
mirrors' surfaces. 

As an additional alternative, instead of using a 10 micron pinhole light source, 
15 a somewhat larger 100 micron diameter spot on a diffuse sur£ace that is sequentially 
positioned throughout the specimen space may be employed and the reflected light 
therefrom incident on the pixels of the CCD array measured. 

The effective pinhole source is then sequentially positioned throughout the 
maximum Iragth, breadth and dq>th of the volume of the object space for which the 
20 mirror system is designed and the light incident on the plane of sensors of the camera 
array positioned at various image distances in the image space is measured. 

Brief de.!«gcripHrin of the drawing- 

The foregoing and other objects and features are adiieved in the illustrative 
embodiment shown in the drawing, in which: 



25 



Fig. 1 is a partial isometric view of the confocal reflecting microscope system 
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of my invention; 

Fig. 2a is a sdiematic section taken through the Y-Z plane of Fig. 1; 

Fig, 2b illustrates the geometry of the maximum cone of light that can be 
captured by the mirror system of Fig. 1, while Fig. 2c shows the maximum cone of 
i light capturable by the objective lens of a conventional microscope; 



Fig. 3 is a schematic rq)resentation of an iUustrative, 3-dimensional sectioned 
image of an eye obtained by variously positioning camera 50 along the Z-axis of Fig. 
1; and 

Fig. 4 is a flow chart of the calibration process for removing the effects of 
10 reflected and scattered light from points adjacmt to the point desired to be observed 
in the specimra. 

fimeral Description: 

Referring to Fig. 1 the confocal microscope of my invention is seen to be' 
comprised of two facing concave mirrors, 10, 20 having their optical axes co-axially 

15 aligned. Each mirror has a req)ective aperture 10a, 20a at the apex of its curved 
surface. Positioned intmnediate mirrors 10 and 20 is a spider support structure 30s 
which carries lamp 30 for illuminating an object which is positioned on stage 40 so as 
to be within 2q)erture 20a of mirror 20. Positioned >^thin aperture 10a of mirror 10 
is a video camera 50 mounted on 3-axis movable stage 60. The position of camera 

20 50 is adjustable by means of vernier drives 60X, 60Y and 60Z which move camera 
50 in the x, y, and z directions, respectively, to correctiy align the camera on the 
optical axis. Under the control of signals delivered over cable 160 from computer 
101, camera 50 will then be moved along the Z axis to acquire images at various 
depths. 
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Referring now to Fig. 2a, there is shown a schematic section taken through 
the Y-Z plane of Fig. 1 with the object E positioned in aperture 20a of mirror 20. A 
single arbitrary ray trace has been shown in dotted lines drawn from the object E 
toward mirror 10 at an upwardly oblique angle t|r towards the left where it is reflected 
5 by mirror 10 at point 10-1 . Mirror 10 reflects this ray back toward mirror 20 parallel 
to the optical Z-axis striking mirror 20 at point 20-1 , where it is reflected toward 
^rture 10a of mirror 10. As shown in US patent 2,628,533, facing confocal 
mirrors are capable of forming a real image of an object. Accordingly, at aperture 
10a, a real image E' appears of object E. 

10 This image E' is acquired by camera 50 and, as shown in Fig. 1 transmitted 

over cable 150 to computer 101 where it is processed and applied to be magnified on 
the screra of computer monitor 100. The degree of magnification is depradent upon 
the spacing of the sensor elements (not shown) in camera 50. With exemplary CCD 
SOTsor spacing of 10 microns, resolution of about 10 microns (10"^ meters) is 

15 achievable using commercial S** diameter concave mirrors. The high numerical 
aperture of the reflecting microscope offers the advantages of b^g able to more 
rapidly acquire an image at a lower light level than is possible with a slit lamp 
microscope which requires that the object be physically scanned with a high intensity 
light. The numerical aperture of the concave mirror system 10, 20 is determined by 

20 the half angle of the cone of light accepted from the objective multiplied by the 
refractive index i] of the medium between the specimen and the lens. 

In Fig. 2b the geometry of the mirror system is illustrated for a mirror of 
generic curvature and having a maximum depth and height jc^ and y^, 
respectively, and the focus at /. As noted above, the numerical aperture NA is 
25 detennined by the sine of the half-angle of the cone of light that can be captured, ti 
sin 6. The lateral resolution of the concave mirror system 10, 20 is proportional to 
the NA while axial resolution is proportional to NA^. From the geometry of the 
mirrors, the sine of the angle 6 when 6 = 6^ is given by: 
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_ . ^ max 
max 



^/(^- ^max>' * y^x 

In general, the equation for the curvature of a section is given by: 

y2 = 2R^x - ax^ (3) 
where Rq is the apical radius and a is the shape factor of a mirror. For a spherical 
mirror, a = 1 and for a parabolic mirror, fl= 0. In the illustrative embodiment the 
radius of mirrors 10, 20 are each approximately 4 inches, / = 3.5 inches and 
5 = 3, yielding an NA of approximately 0,99. It should be noted that the 

maximum angle 6^, which is a measure of the cone of light that can be captured by 
the concave mirror of Fig. 2b, may be larger than 90° . For purposes of contrast. 
Fig. 2c shows that the maximum value of the angle 0 tfiat is obtainable using the 
irefiractive optics of a conventional microscope's objective lens can nevCT exceed 90° • 

10 Referring now to Fig. 3, sections of the real, three-dimensional image E' 

appearing at 29)erture 10a are showii. Adjustment of verniers 60X, 60Y and 60Z of 
the apparatus of Fig. 1 positions camera 50 to ihfccep 
throughout the length, breadth or dq)th of the image E' which is, of course, 
equivalent to sectioning through the real object E. This is paiticiilarly adviii^^ 

15 for example, in examining a transparent tissue sample for artifacts which inay exist 
anywhere throughout the dqpth of the specimen. Four differdit ^sitiohk of camera 
50 along the Z-axis are shown in Fig. 3 at 50Z-1, 50Z-2, 50 Z-3, ... 50Z-n which 
intercept four different planes or layers E'-l through E'-n in the image. 

Referring now to Fig. 4 there is shown a flow chart for calibrating the 
20 confocal microscope of Fig. 1 . A pinhole light source is placed on stage 40 and its 
position is carefully noted in step 200. In step 201, computer 101 controls movable 
stage 60 ovot cable 160 so that camera 50 is sequentially positioned to record light 
values throughout the 3-D image sjMu:e at aperture 10a. The stage 40 is tttcn moved 
to re-position the pinhole light source to another x, y, z point in the object space and 
25 camera 50 is again positioned to record light values throughout the 3-D image space. 
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The process continued until camera 50 acquires a complete video record which is 
passed to computer 101 over cable 150. 



In step 202 computer 101 performs a fast Fouria- transform (FFT) of the 
acquired video information 202 and stores the results in stq> 203. In step 205 the 
6 theoretical light intensities that would be produced inside an illustrative 100 ft 
diameter circle on the pixels of the CCD array of camera 50 by a theoretically 
perfect pinhole source at E are calculated and an FFT of these light intensities is 
performed. 

In step 206 the stored FFT values obtained from step 203 are divided by the 
1 0 FFT of the theoretical light intensities. In step 207 the inverse FFT of the values 
obtained from step 206 is calculated to obtain the point spread function. In step 210 
the process calls for repeating the above stq>s if not all of the desired x, y, z 
positions for object E have been processed. In this manner the complete point spread 
function of the apparatus is obtained so that when any desired sample is placed on 
15 stage 40, the image acquired by camera 50 can be corrected dq>ending upon which 
position of the image is then being examined. 



What has be^ described is deemed to be illustrative of the principles of my 
invention. Numerous modifications may be made thereto, such as increasing the 
illumination of the object by moving lamp 30 outside the enclosure and replacing the 

20 lamp by a 45** half-silvered mirror. In addition, lamp 30 may also be replaced by an 
external "slit lamp" or scanning illumination source. Moreover, computer 101 may 
be programmed to address one line of pixels in camera 50 at a time while the camera 
is moved throughout the 3-D image space. In addition, camera 50 may be 
implemented using any form of video capture device including, without limitation, 

25 CCD, metal oxide silicon (MOS), CID, vidicon or the like. Other modifications may 
be made by those skilled in the art without, however, departing fix)m the spirit and 
scope of my invention. 



wo 97/06461 



PCT/US96/12637 



9 

What is claimed is: 

1 . A large numerical aperture microscope comprising: 

first and second concave reflective surfaces facing each other along an optical 
axis, each of said surfaces having an aperture at said optical axis, said surfaces being 
5 aligned so that most of the light rays from an object placed near the aperture of said 
first surface is captured at said aperture of said second surface to form a three- 
dimensional real image thereat; 

means for positioning an dbject at said aperture of said first surface; 

means for positioning an image acquisition device at said aperture of said 
10 second surface, 

means for moving said image acquisition device along said optical axis, and 

means for analyzing the image acquired by said image acquisition device at 
predet^mined distances along said optical axis. 

2. The microscope of claim 1 wherein said means fof knalyzing Said 

15 image includes a digital computer programmed to processing the light intensities 
falling on predet^inined areas of said acquired image! - ' 

3. The microscope of claim 2 wherein said image acquisition device 
contains a planar array of sensors for ascertaining said light intensities at said 
predetermined areas of said acquired image. 

20 4. The microscope of claim 3 wherein said sensors are selected from the group 
comprising charge-coupled devices, metal oxide silicon (MOS) devices, CID devices 
or vidicon devices. 

S. The nucroscope of claim 3 wherein said processing of said light intensities 
at said predetermined areas includes means for comparing the Fourier transform of 
25 said intensities with the Fourier transform of light intensities imaged at said axial 
distance by a point source of light positioned at said first aperture. 
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6. The microscx>pe of claim 5 wherein said processing includes correcting 

said acquired image by removing therefrom light values failing to correspond with the 
light values imaged from said point source. 

7. The microscope of claim 3 wherein said object is a point source of light and 
5 wherein said means for analyzing said acquired image includes a stored program 

computer for storing the light intensities in the plane at each of said predetermined 
distances. 
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